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SUHMARy 

This in a Report of Phase 4 of the Joint Australian/UK Stack Fragmentation 
Trials. Thira particular trial was designed to quanti%y the explosion effects, 
i.e. blast and debris, that would be gxpected to arise as a result of an 
accidental explosion in a UX designed NATO Standard Igloo explosives storehouse. 
The report describes the specification of the trial, the support work required 
and examinee the results of the debrie collection and the blast measurement 
records. Additional work was also carfied out to attempt to ascertain the 
initial velacity of the structural debrie from the donor and this is described 
in outline detail only. 

The trial was coalesced with the Auatralian Explosive Store-House Design 
Trial in which three Australian designed "Spantech" arch earth-covered magazines 
were constructed at appropriate inter-magazine distance at side to side, front 
to rear and mar to front orientations, relative to the donor igloo. These were 
instrumented internally to ascertain their structural response to the blast from 
the donor igloo and externally to ascertafn the typical blast loadings that would 
be expected on adjacent igloos in the event of the donor accidentally exploding. 
The a i m  was to demonstrate that the Spantech etructures would behave in a similar 
fashion to a NATO standard igloo, 

Preliminary conclusions are drawn from the tride and recommendations for 
incorporation of the results in the UK's ESTC explosive storage leaflets are 
given. 

A full account of the trials and all the results will be given in the final 
Phase 4 Report to be published later in 1990. 
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1. BACKGROUND TO PHASE 4 

1.1 The Explosion Effects Sub-Committee (EESC) of ESTC recommended, in the early 
80's a programme of investigation of the effects of fragment and debris arising 
from stacks of ammunition inside typical UK traversed store-houses. This 
programme formed the basis of Phases 1-3 of the Joint AustralianfUK Stack 
Fragmentation Trials conducted at Woomera between 1982 and 1988 and reported in 
References 1-4. 

b 
1.2 The work carried out in Phase 1-3 consolidated the information required by 
UK to verify and revise, where possible, existing distances for fragment and 
debris throw from limited (< 6000 kg) quantities of explosives in a variety of 
explosive storehouse structures. Although firm conclusions were offered the 
series of trials showed that it was not possible to take for granted the 
existing, often very subjective standards, for minimum fragment and debris 
hazards for explosives storage buildings. However there was, and still is, no 
intention to gather any more data for this part of the Quantity-Distance tables 
even although there were obviously still some unanswered questions regarding the 
protection required from fragmentation effects of concrete magazines. 

1.3 Much work has been commissioned by the US DDESB to investigate the problems 
of open, untraversed stacks of fragmenting ammunition, in particular with respect 
to maximum and safe fragment distances. Similar work has been conducted for a 
variety of individual weapons by the UK Ordnance Board. However very little 
information exists for the situation when these same weapons and fragmenting 
ammunition are stored inside a structure which does more than simply provide 
weather protection. This was the primary reason for the UK conducting the 
initial series of Stack Fragmentation Trials. 

1.4 However the question still remained whether the existing blast generated 
Quantity-Distances provide a sufficient degree of protection against fragment and 
debris effects for more typical storage quantities of several tens of tonnes NEQ 
of ammunition and explosives. Normally such quantities would be stored in igloos 
according to present day standards and the EESC considered that some work was 
needed to verify the existing Quantity-Distances for larger igloos in terms of 
debris and blast hazards. This becomes especially important when it is realised 
that AC 258 reduced the outside Quantity-Distances from the rear and side of 
igloos with NEQs of less than 45,000 kg, and it is not apparent that any 
consideration was given to the debris hazard posed by igloos. In addition, in 
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the light of the UK'e journey down the route of potential application of Risk 
Analysis techniques to the storage and handling of wloeivee it is even more 
essential to obtain some picture of the hazards posed by igloos , as well as 
other types of storage, at distances Intermediate -between ground zero and 
inhabited building distances, and beyond. 

1.5 Consequently the author, as Technical Adviser (Ewloeives) to ESTC, opened 
negotiationa in late 1988 with the Australian Department of Defence with a view 
to conducting a trial with a NATO standasd Igloo, loaded to eome 75,000 kg NEQ, 
to investigate the effects from an accidental explosion of the contents of such 
a structure. 

2. A124 OF PHASE 4 

2.1 
aspects : 

The objectives of the Phase 4 programme were to investigate the following 

2.1.1 Break up of a UK designed NATO standard double bay igloo structure 
when exposed to the detonation of high explosives and the subsequent 
weight distribution, direction, distance and dasity of projections. 

2.1.2 Validation of the blast preesure attenuation recommended by NATO AC 
258 €or the rear and side orientation of Igloo structures, particularly 
for Igloos containing in excess of 45,000 kg Net Explosives Quantity. 

2.1.3 Validation of the pressure parameters used for the design of NATO 
Standard Igloos. 

2.1.4 Comparison of free-field blast pressures produced by an explosion 
in an Igloo structure with those from an equivalent quantity detonated in 
f ree-sir . 
2.1.5 Measurement of initial Igloo structural and cover debris velocities 
resulting from an internal explosion. 

~ 

3. PHASE 4 TRIAL SPECTFICATION 

3.1 After extensive discussions in UR and AustraliaPhase 4 was finalised at a 
total of two teate. The first would be kn a NATO standard double bay igloo and 
the second would be a detonation of an equal amount of explosives in the open. 
The details of the trial specification are as noted below. 

Buildins construct FOrl 

3.2 Test 1 Donor : Standard UK reinforced concrete box, double bay, igloo 
structure to design as given at Annex A, with concrete floor slab. 

3.3 Test 2 Donor : Concrete flosr slab to simulate igloo floor used in Test 1. 

3.4 After detailed discu8sion with the Australian department of Defence it was 
agreed to eealesce the Stack Fragmentation Trials Phase 4 with the Australian 
Explosive Store-house (ESH) Design Trial. The objectives of the ESH Design Trial 
were to : 

3.4.1 Investigate, analyse and report upon the-physical damage sustained 
by the ESH trial buildings as a result of the Stack Frag 4 explosion. 

3.4.2 Aeseas and recommend any resultant design changes to the ESH trial 
buildings considered esssential for the eatisfactory performance of their 
design function. 

- 
~ 

3.4.3 Investigate, analyse and report upon the blast overpressures 
recorded at selected positions adjacent to- and upon the receptor 
buildfigfa. 
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3.4.4 Investigate, analyse and report upon building displacement and 
acceleration records measured at selected positions within the receptor 
buildings. 

3.5 As a result of this decision to coalesce the two trials, which produced 
significant savings to both the Australian Department of Defence and the UK 
Ministry of Defence, the receptor structure layout was finalised as follows: 

3.5.1 Receptor 1 : Spantech structure, with standard 7 bar igloo head- 
wall and doors, constructed at 0.8 Q'13 front-to-rear wall separation from 
Donor structure to represent a NATO Standard Igloo in outline shape, 
situated at standard separation from an adjacent igloo structure. 

3.5.2 Receptor 2 : Spantech struct r with standard 7 bar igloo head- 
wall and doors, constructed at 0.5 3I"side-to-side wall separation from 
Donor structure to represent a NATO Standard Igloo in outline shape, 
situated at standard separation from an adjacent igloo structure. 

3.5.3 Receptor 3 : Spantech structure, with standard 7 bar igloo head- 
wall and doors, constructed at 0.8 Q113 rear-to-front wall separation from 
Donor structure to represent a NATO Standard Igloo in outline shape, 
situated at standard separation from an adjacent igloo structure. 

3.6 
B. 

Charqes 

3.7 Test 1 : Detonation of 75,000 kg TNT equivalent in Proposed Donor structure. 
Obselete anti-tank mines, TNT filled, were used forthe donor charge. The charge 
was primed at some 600 points because of concerns that the mines might not all 
detonate simultaneously. 

3.8 Test 2 : Detonation of 75,000 kg TNT equivalent in the open, with charge 
placed in as close proximity as possible to the position for Test 1 in order that 
the instrumentation layout used for Test 1 could be re-utilised as far as 
possible. 

The basic Spantech structures used were as shown diagrammatically at Annex 

Measurement of Far Field Blast Pressures 

3.9 Three lines of four gauges to measure the side-on overpressure in directions 
40, 130 and 220 degrees with respect to ground zero, being to the front, side and 
rear respectively of the structure. The structure to be orientated so that the 
centre line of the structure lies in the NE/SW direction with the door pointing 
due NE. Details of the actual gauge layout are given schematically at Annex C. 

Measurement of Blast Pressures on the receptor structures 

3.10 The receptor structures were instrumented €or blast measurement as per 
Ordnance Systems Division (OSD) Instrumentation Plan dated 5 Jan 90 (Ref 6). 
Annex D shows schematically the approximate positions of these gauges. 

Internal Blast Pressure Measurements 

3.11 Four (4) internal airblast gauges were located within the structure to 
measure internal blast pressures. 

Accelerometer Measurements 

3.12 In addition to the airblast pressure gauges, four (4) single axis 
accelerometers were installed on the top of the donor Igloo overburden to measure 
the acceleration of the cover breakup and initial debris velocities. Two (2) 
accelerometer packages were positioned near the top centre ofthe overburden, and 
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t h e  remaining t w o  ( 2 )  packages w e r e  p laced near  the c e n t r e  t o p  edge of t h e  
overburden. 

photoaraphic  Covetase 

3.13 Photographic coverage w a s  provided as fol lows (Ref 7 )  : 

3.13.1 High speed c i n e  coverage wi th  a f i e l d  of view extending t o  50 
metres i n  f r o n t  and t o  t h e  rear d i i t h e  s t r u c t m .  The i n t e n t i o n  being t o  
a t tempt  t o  a e c e r t a i n  t h e  e x t e n t  ~f i n i t i a l  vent ing  from t h e  f r o n t  of t h e  
S t r u c t u r e  and through t h e  e a r t h  cwer. 

3.13.2 High speed c i n e  coverage w i t h  a f i e l d  of view extending t o  50 
m e t r e s  e i t h e r  a i d e  of t h e  s t r u c t u r e .  Viewing to be from t h e  rear of t h e  
s t r u c t u r e  t o  at tempt  t o  a s c e r t a i n  t h e  e x t e n t  of vent ing  through t h e  e a r t h  
cover. 

3.13.3 W i d e  angle  coverage of t h e  event  ou t  t a  500 m e t r e s  on both @ides 
of t h e  e t r u c t u r e .  T h i s  w a s  intended t o  provide documentary coverage of t h e  
event  b u t  might show t h e  t r a j e c t o t i e e  of l a r g e  deb r i s .  

3.13.4 A e r i a l  photography of each test t o  document t h e  spread of d e b r i s  
and due t  c loud dur ing  t h e  course  of t h e  explosion.  

Debris  Search A r e a s  

3.14 The fol lowing eearch areas w e r e  e e t ab l i shed  fox c o l l e c t i o n  of bu i ld ing  
d e b r i s  as shown schematical ly  a t  Annex E. 

3.14.1 Four main €an searches  i n  NE, SE, SW and NW d i r e c t i o n s .  Sectors 
w e r e  ti degrees e i t h e r  s i d e  of t h e  main compass d i r e c t i o n  from 100 t o  500 
m e t r e s  and a cons tan t  width (87.3 metres being t h e  width of t h e  10 degree 
arc  at 500 metres) from 500 t o  1000 m e t r e s .  All search areas w e r e  marked 
a t  20 metre i n t e r v a l s  from 100 t o  1000 m e t r e a .  

3.14.2 Four subsiduary radial search  areas dfvdaiied i n t o  10 degree widths 
from 250 t o  280, 400 t o  420, 600 to 620 and 900 t o  920 metres. 

3.15 A t  a late s t a g e  i n  the planning of Phase 4 a sugges t ion  w a s  rece ived  from 
A Jenssen o f t h e  Norwegian Defence Construct ion Serv ice  t o  p l ace  marked o b j e c t s  
on t h e  roof and  w a l l s  of t h e  donor s t r u c t u r e  t o  a l l o w  observa t ions  t o  be made on 
t h e  launch angle and v e l o c i t y  of t h e  donor s t r u c t u r e  (Ref 10). To t h i s  end 24 
ateel cy l inde r s ,  each 6 i n s  in diameter, l eng th  6 i n s  and f i l l e d  wi th  concre te  
w e r e  prepared and placed on t h e  w a l l s  and roof of t h e  i g l o o  on t h e  e a r t h  
overburden. I n  a d d i t i o n  t h r e e  p l a a t i c  buckets  f i l l e d  with conc re t e  w e r e  a c t u a l l y  
bur ied  i n  t h e  roof overburden. 

4. IMPLEIGNUTION OF PROPQSU s 
4.1 The au thor  opened nego t i a t ions  wi th  t h e  A u s t r a l i a n  Department of Defence i n  
la te  1988 a s  a r e s u l t  of t h e  i n i t i a l  recommendations for f u t u r e  work a r i s i n g  out  
of t h e  pre l iminary  report f r o m  the Stack Prag Phase 5 t r ia ls .  

4.2 I n  e a r l y  1989 proposals  w e r e  submitted t o  D Tdils (Ref 5 ) ,  as a direct 
r e s u l t  of a p l a n n i n g  v i s i t  t o  Aua t ra l i a  m a d e  by t h e  au tho r  i n  Feb 89. These 
proposa ls  w a r e  accepted i n  Nov 89 by D T r i a l e ,  who had appointed a T r i a l s  
Manager, i n i t i a l l y  Major R Baguley who had coordinated t h e  S tack  Frag Phase 3 
t r i a l s  but  he waa posted t o  o t h e r  d u t i e a  and rep lacea  a t  a la te  s t a g e  i n  t h e  
t r i a l a  planning by Major D S t u a r t ,  and a P r o j e c t  Qfficez Fie ld ,  Major C Brereton, 
who had conducted S tack  Frag Phase 3 in e a r l y  1988. A t  t h i e  t i m e  UK reached 
agreement w i t h  Wat@rwaye Experiment S t a t i o n  (WES) of-vicksburgh,  USA, f o r  t h e  
provis ion  of a d d i t i o n a l  i n s t r u m e n t a t i o n w ~ t h  p a r t i c u l a r  r e fe rence  t o  measurements 
i n s i d e  and on top of t h e  donor Ectructure. This  allowed t h e  ine t rumenta t ion  p lan  
t o  be extended e i g n i f i c a n t l y .  
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4.3 A further planning visit by the author in December 1989 resulted in a 
revised instrumentation plan which utilised effectively the support available 
from OSD and WES (Ref 6). During this planning visit the idea of coalescing 
Stack Frag 4 with the Explosive Store-house Design trial was agreed in principle. 

4.4 Range Measurements Branch issued a trial instrumentation plan (Ref 7) as a 
result of the UK trials proposal and further discussions held during the planning 
visits By the author. 

4.5 fn Mar 90 D Trials issued a Defence Trial Directive which effectively 
combined the two trials (Ref 8). This was followed by the Trial Technical 
Instruction in early 1990 (Ref 9). 

4.6 In the meantime a site for the trial was established some 25 km N of Woomera 
village, as shown at Annex I. Construction work commenced at Woomera in late 
1989. The donor igloo was built by a local construction contractor at Woomera 
and the three Spantech structures were built under contract by Spantech to the 
Australian Services DOD Facilites and Property Division. All construction work 
was completed on schedule by late April 1990. The construction was supervised 
by representatives of the Australian Construction Services. (Ref 11) 

4.7 All major trials support agencies were on sit8 at DSC Woomera in late May 
1990 and the donor charge was successfully detonated on 31 May 1990. 

5. DEBRIS COLLECTION 

5;l Prior to the detonation the search areas shown in Annex E were marked out. 
It was then a relatively straightforward but nevertheless lengthy task to comb 
each marked area for debris which was collected into sandbags. These were then 
conveyed back to the site administration area, some 6 km distant, to be weighed 
and collated. 

5’.2 It was very quickly realised that there was an excessive amount of debris 
in the search areas close to ground zero, ie within 200-300 metres. In some 
cases it amounted to several hundred fragments with the minimum being around 100. 
In order to simplify the collation process it was decided to record only a total 
of the number of lethal fragments without recording each weight individually for 
these for these close-in high density areas. However in order to get an estimate 
of the weight distribution several of these search areas (c. 203 of the total 
were collated completely by weight). 

5.3 It did not prove-possible to collect all fragments from the search areas. 
Some were excessively large and heavy, typically 0.5m x 0.5m x 0.3m and some had 
impacted with such force that they were buried deep in the ground. All such 
fragments were recorded by dimension and listed as fragments in excess of 5kg 
weight. 

5.4 The only fragments which were collected or identified were fromthe concrete 
structure itself. These included concrete, reinforcing bar and door elements. 
There was also a large amount of crater ejecta projected out to 200-300 metres 
fkomGround Zero. This was not analysed directly by collection but is recognised 
as forming an important part of the overall debris density. 

5.5 One other factor which proved to be of importance in the actual debris 
collection was the break-up of fragments on impact. Although this had been seen 
to a very limited degree in previous trials the degree of break-up and its 
widespread occurrence was not anticipated. The breakup complicated the 
collection in two major ways, viz: 

5.5.1 Relatively small fragments (5-50kg in weight) which broke into 
several pieces on impact or when actually recovered. (Either at the time 
of recovery or during transport to weighing point). This led to a 
significant over-estimation of debris density at all ranges and its 
significance is discussed more fully in Section 6. 
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5.5.2 Very large (in excess of 0.5m x 0.5m x 0.3m) reinforced 
concrete sectione which impacted and partially broke up spreading 
the resultant debris over large areas (typically 28m x 5m). In 
abo5t 5-109 of the cases thia was .further complicated by the 
"fragment" bouncing after initial impact, finally coming to rest up 
to 25m from the original position. In a few instances there were 
several impact points as the fragment skippedor rolled to its final 
resting place. 

6. DEBRIS ANALYSIS AND SgSCUSS%oN .- 

6.1 The debris was weighed and collated manually and then analysed by weight 
interval using a LOTUS 123 spreadsheet, in common with previous phases of the 
Stack Frag Triale. 

6.2 A s  fat previous phases it has been assumed that debris would be at or around 
its terminal velocity when it strikes the ground. Even given the situation of 
an untravarsed igloo it is felt that khis is not completely unrealistic since, 
on the three sides, the receptors provided some degree of traversing for the 
donor. Therefore it has been aeswed that only metal debris over 75g or masonry 
debris over 15Qg would be potentially lethal and anything under these weights 
would be of little significance. As the colleetion progressed it transpired that 
there was very little debris under thesle particular weights, except where larger 
fragments had broken up on impact. 

6.3 However there was left the overall problem of coping with the additional 
debris produced at all rangee, because of break-up either at impact or as a 
result of-handling and transporting the collected debris. Although difficult to 
quantify the author estimated, by carrying out sevetal sample surveys during the 
actual collection phaae, that the total number of fzzigmente were over-eetimated 
in any p-icular sector by a factor -of at least t w o .  In some instances the 
over-estimation was probably significantly more than double and it is likely that 
there were some instances where it was less than double, although the occurrence 
of this latter category was not considered significant. 

6.4 AS a reeult it was decided to introduce the eomewhat arbitrary reduction 
factor of 2 to produce the adjusted results. It must be stressed that this still 
givee a conservative estimate €or the-actual fragment density. 

6.5 A further complication which has not been taken into account was the 
influence of crater ejecta at relatively close-in ranges, which is variable in 
size with a significant proportion being potentially lethal. The crater ejecta 
did, in some extreme cases, get projected to 700-890 metres. In most instances 
however the occurrence of crater ejectis was relatively evenly distributed out to 
200-250 metres decreasing rapidly in density out ts approximately 400 metres. 
It is  estimated that up to 250 metres there was a6 much crater ejecta, which 
could be considered lethal since it was large lumps of baked clay, ae there was 
building debris. Over the next 100 metres the significance of the crater efecta 
reduced ta about 25% of the building debris. As the range further increased it 
reduced rapidly and became non-existgnn., except for isolated instances, beyond 
400 metres. Since the critical value for lethal fragment density was found to 
be in excess of this distance in the four principal search directjons no account 
ha8 been taken of the crater ejecta fn the calculated fragment densities. 

6.6 Like the building debris the mater ejecta~was more pronounced in the 
directions normal to the original facsa o f  the donor building. Outside the main 
10 degree search angles there was very Little crater ejecta beyond the 300 metre 
mark. At tangerr intermediate between PO0 and 300 me'frres in these areas there wae 
a much greater concentration of crater ejecta than Building debris but there was 
a lower absolute level than in the main search angles. 

6.7 For ease of comparison the results of the four main directional (searches, 
ie 45, 135, 225 and 315') are shown in Figure 6.1. The figure demonstrates 
emphatically the effect of orientatGn with respect to the donor as wel l  as 
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demonstrating the ranges at which the critical value of Lethal Fragment Density 
(LFD) is reached. 

6.8 Figure 6.2 shows the variation of LFD with direction at a distance of 400- 
420m. Once again it shows the dramatic effect of orientation with the peaks 
occurring in a direction normal to any face of the building. Although the peaks 
are obvious at 45', 225' and 315' the peak at 135' has been hidden by debris which 
has been projected be$ween 55' and 125'. It is noticeable that this effect is 
not symmetrical, althougkithe test layout was essentially so, and no explanatiofi 
is offered for the phenomenon. Certainly beyond 400m there was no evidence of 
significant debris except in the sectors immediately adjacent, ie in the 55' and 
125' directions. Perhaps there may have been a slight preferential propagation 
or venting effect in this direction but there is no other evidence to suggest 
this. 

6.9 Note also the LFD does not immediately drop off outside the main directional 
search areas, although the effect is generally limited to the sector immediately 
adjacent to the main directions searched. In all directions, with the exception 
of the 55-125' sector, the LFD reduces rapidly to the critical value, although 
only in a few instances does it reduce to zero. It should be appreciated that 
400m is less than half the Inhabited Building Distance for a 75,000 kg charge. 

6.10 Figure 6.3 shows the variation with direction at a range of 600-620m. Note 
that the search was limited to the sector from 225' to 315' because of the large 
areas which had to be searched. Note also that the 235' and 305' areas are 
slightly larger than the nominal 10' because of the arrangement for searching in 
the main directional areas. This effect has been taken account of in the 
calculation of LFD. 

6.11 No fragments were found from 245' through to 295', validating further the 
directional cross effect seen in all the Stack Trials to-date. In no direction 
is the debris density of concern. 

6.12 Figure 6.4 shows the variation of LFD with direction at a range of 900- 
920m. The search was limited to the sector from 315' through to 45' because of 
the large area to be searched. Again note that the 325' and 35' areas are larger 
than the others, being taken account of in the calculations. 

6.13 In no direction is the density of concern although fragments were found in 
almost every area in comparison with the result8 given in para 6.10. This is 
probably the influence of the "unprotected" headwall generating more energetic 
fragments than those walls which were earth covered. There was no evidence to 
suggest that there were any fragments beyond this range in any direction other 
than that to the front of the donor igloo. However one concrete filled cylinder 
from the side wall of the igloo was found just beyond the searched areas. 

6.14 As was originally anticipated the building doors were projected directly 
out to the front of the igloo. However they were very effectively fragmented by 
the explosion. Large pieces (over 0.5x0.5m in plan) were identified as part of 
the large fragment survey. This located some 28 pieces of door and door 
supports, accounting for about 50% of the total door material. 

6.15 The ventilators from the rear part of the igloo roof were located in the 
225' search fan at 200 and 440m. Additionally a further large metal plate was 
found at 230m in the 310' direction. This was probably one of the ventilator 
covers from the front headwall. 

6.16 There is one final point which is worthy of mention. At 1200m distance, 
direction 50°, an impact point was discovered. A €an of debris was identified 
from here to approximately 1580m, the fan widening to c. 20m at its furthest 
extent. It appeared that all the debris in this fan originated from the initial 
impact and in summary there were some 17 large pieces of concrete (of mass over 
lkg), 10 pieces of reinforcing bar and probably 2-3 dozen smaller pieces of 
concrete (less than the potentially lethal mass limit). It is suggested that all 
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of this could have come from a section of concrete of approximate s i z e  
1.5x1x0.2Sm, its rnaxhum s i z e  being estimated *om the lengths of r/bars 
identified. Obviously this would have been a significant fragment of great 
interest and would be worthy of some further investigation. The fragments of 
interest are ahown in Table 6.8 page 2 by the fragments matked w i t h  an asterisk. 

6.17 As the size (and thus approximate m a w )  and final gaeition are known for 
all these large pieces it should be poseible to estimate the initial velocities 
and angleer of projection for each fragment. Apart: from the piece described at 
para 6.41 there was also another large piece of coTI1;.rete, size 2x2x0.3m, which 
had obviouely landed end on and then fallen over at distance 450m, direction 
330'. It created an impact crater 0 . 5 ~ 1  deep. Again it is considered that the 
possible trajectory of this piece could be estbmted with some potentially 
interesting results. 

4 
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7. CRATER 

7.1 There was apparently a double crater created as a result of the explosion 
in the donor igloo. The position of each of the constituent craters agreed well 
with the positions of the two original stacks of mines in the igloo. There had 
been some upheave1 of the portion of the floor in between the two stacks. 

7.2 There was a very large lip around the crater which extended vertically up 
to 3 metres above the original ground level and horizontally out to 5 metres 
beyond the edge of the crater proper. As noted in the discussions on debris the 
debris from the crater extended into the far field as far out as 400 metres with 
the bulk being inside 250 metres. 

7.3 The cratel: is estimated as being some 36 metres long by 28 metres wide at 
its maximum. This compares favourably with a calculated crater diameter of 42 
metres. However the depth does not exceed 2 metres at any point and is more 
typically 1 to 1.5 metres below the original ground level. However each of the 
two individual craters is approximately 20m long by 7m wide by 2m deep. As each 
stack was 37,500 kg NEQ the theoretical size of each of these individual craters 
would have been 33m in diameter 

7.4 It is difficult to make informed comment on the appearance of the crater. 
The instrumentation deployed indicated that there was a full yield of the 75,000 
kg TNT charge. There was a considerable amount of concrete in the floor and 
foundations of the igloo, estimated to be several hundred tonnes. A lot of this 
concrete was still apparent in the crater after the explosion. Undoubtedly a 
significant proportion of the energy normally available for excavatingthe crater 
was used in moving the concrete in the floor and foundations. Hence a much 
smaller or shallower crater would be expected as was found in this trial. 

7.5 The total volume of the crater is estimated conservatively at only some 600- 
1000 m3. Theoretically it would have been expected to be roughly hemispherical 
with a maximum volume of about 19,000 m3. 

8. BLAST INSTRUMENTATION 

Far Field Pressure Measurement 

8.1 WES Results : The results are given in the table below where the orientation 
front, side or rear refers to the orientation with respect to the donor igloo 
with front meaning the gauge line running away from the front side of the igloo. 
The full results with descriptions of the techniques used and copies of the 
individual gauge pressure-time histories are given in Reference 13. 

Orientation 

Front 
Front 
Front 
Front 
Side 
Side 
Side 
Rear 
Rear 

Distance 
(m) 
940 
620 
340 
90 
490 
270 
80 
390 
215 

Pressure 
Measured 
0.65 
1.1 
2.5 
17 
1.45 
3 
12 
1.45 
3.5 

(Psi) 
Estimated 
0.75 
1.5 
3 
30 
1.5 
3 
30 
1.5 
3 

Note that it had been intended to measure the pressure at four points on all 
three radials. Because of the limited time available to the WES team some of the 
more distant positions were not instrumented. 

8.2 OSD Results : The results are given in the table below where the orientation 
front, side or rear refers to the orientation with respect to the donor igloo 
with front meaning the gauge line running away from the front side of the igloo. 
The full results with descriptions of the techniques used and copies of the 
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i nd iv idua l  gauge pressure-time h i s t o r i e s  are g iven  i n  Reference 14. 

O r i e n t a t  ion  

Front 
Front 
Front  
Front 
Side 
Side 
s iae 
side 
R e a r  
R e a r  
R e a r  
R e a r  

Dis tance 
( m )  
940 
620 
340 
100 
750 
500 
270 
80 ~ 

590 
390 
2 15 
65 

Pressure  
Measured 
0.95 
1.22 
2.74 

0.98 
1.56 
3.07 

0.9 
1.75 
3.46 

n / r  

12. 85 

18 .21  

( P s i )  
Estimated 
0.75 
1.5 
3 
30 
0.75 
1.5 
3 
30 
0.75 
1.5 
3 
30 

8.3 A s  can be seen  f a i r l y  r e a d i l y  f r o m  t h e  r e s u l t s  i n  pa ras  8.1 and 8.2 t h e  
measured r e s u l t s  compare very favourably wi th  t h e  estimated r e s u l t s .  For t h e  
closest gauges on a l l  t h e  radials t h e  measured p res su re  w a s  about ha l f  t h a t  
o r i g i n a l l y  estimated. A t  t h e  t w o  in te rmedia te  p o s i t i o n s  on each r a d i a l ,  
corresponding t o  Explosives  Workshog and Publ ic  T r a f f i c  Route d i s t ances ,  t h e  
measured r e s u l t s  match a l m o s t  e x a c t l y  t h e  p red ic t ions .  

8.4 A t  t h e  Inhabi ted  Building Distance ( I B D )  however t h e r e  is somewhat of a 
c o n f l i c t .  The only  WES r e s u l t  which i s  app l i cab le  matches t h e  p r e d i c t i o n  b u t t h e  
t h r e e  OSD r e s u l t s  on t h e  t h r e e  radials a l l  exceed t h e  p r e d i c t i o n s  by a f a c t o r  of 
between 27% and 31%. This  is w e l l  o u t s i d e  what could be regarded as experimental  
error o r  v a r i a t i o n .  However they  do not  appear t o  be c o n s i s t e n t  wi th  t h e  o t h e r  
p re s su re  measurements s i n c e  taken  at f a c e  va lue  they  appear t o  i n d i c a t s  some 
gene ra l  p re s su re  inc rease  a t  I B D ,  even on t h e  open, una t tenuated  side. Had t h e s e  
been matched wi th  an  equiva len t  i nc rease  a t  t h e  closer i n  gauges then  s o m e  store 
should be pu t  by them. Since t h i s  Fe no t  t h e  c B e e  it i e  Suggested t h a t  t h e i r  
abeo lu te  va lues  should be e f f e c t i v e l y  pu t  t o  one s ide  u n t i l  eome s a t i s f a c t o r y  
explana t ion  can be pu t  forward f o r  t h e  apparent  v a r i a t i o n .  However s i n c e  t h e  
measured p res su re  a t  t h e  I B D  on t h e  open s ide  is i d e n t i c a l  t o  t h a t  measured a t  
t h e  suggested I B D s  on t h e  o t h e r  t w o  aides, t h i s  cm s t i l l  be used t o  v e r i f y  t h a t  
t h e  I B D  on each of t h e  radials should be a t  t h e  suggested pos i t i ons .  I t  is 
considered t h a t  t h i s  is f u r t h e r  j u s t i f i e d  by t h e  fact  t h a t  t h e  WES gauge on t h e  
open side matched t h e  predicted presaure  very c lose ly ,  being s o m e  13% l o w  which 
is considered to be wi th in  the experimental  error f o r  such a measurement. 

8.5 Thia e f f e c t i v e l y  means t h a t  t h e r e  is a e ignFf icant  p re s su re  a t t e n u a t i o n  to 
t h e  side and rear of EL UK s tandard  double-bay box Lgloo conta in ing  75,000 kg NEQ 
whish is equ iva len t  t o  t h a t  given by AC 258 f o r  s tandard  NATO i g l o o s  conta in ing  
less than  45,000 kg NEQ. It  should be noted t h a t  t h e  a t t e n u a t i o n  is s i g n i f i c a n t  
a t  a l l  ranges,  being g r e a t e s t  close i n .  

8.6 However f u r t h e r  t e s t i n g ,  p re fe rab ly  a t  m o d e l  scales of not  leas than  1/5 
should be conducted t o  provide s t a t i s t i c a l l y  m o r e  meaningfull  r e s u l t s  
p a r t i c u l a r l y  a t  t h e  Inhabi ted  Building Distances. This  should g ive  some 
i n d i c a t i o n  t h a t  t h e  r e s u l t s  ob ta ined  by OSD a t  t h i s  d i s t ance ,  i n  p a r t i c u l a r ,  can 
be considered spurious.  

Donor S b  uc tuse  1 n B t sumentat  i Qn 

8.7 A t s t a l  of f o u r  i n t e r n a l  blast gauges w e r e  f i t t e d  t o  t h e  donor i g l o o  i n  an 
at tempt  to measure t h e  i n t e r n a l  blast loadings.  The t h r e e  gauge packages w e r e  
recovered t h a t  had o r i g i n a l l y  been installed i n  t h e  rear and s i d e  w a l l s .  However 
as noted earlier t h e  instrument  packages w e r e  recovered separated from t h e i r  
p ro tec thoe  steel cy l inde r s .  As a r e s u l t  only t h e  s i d e w a l l  c e n t r e  gauge produced 
a record ing  which could be i n t e r p r e t e d .  This  i nd ica t ed  a peak pressure of some 
10,000 poi with  a du ra t ion  of s o m e  20-25 maec. 

4 
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8.8 The gauge mounted in the roof of the donor was never recovered but a second 
instrument package had been connected externally to a second gauge in the same 
package. The recorder was actually located outside the igloo and was 
subsequently recovered and interrogated. Although the signal was abruptly cut 
at some 16.6 msec after detonation, when the connection was broken because of 
projection of the instrument package, a useful recording was obtained. This 
indicated that a peak pressure in excess of 18,000 psi was achieved. The 
pressure was still rising when the connection was broken so there is no clear 
indication what the final pressure would have been. 

8.9 Although the results will not be directly applicable because of their 
limited nature the exercise of measuring the internal blast loads was well worth 
while. In particular it has given WES the opportunity to test their gauges in 
a harsh debris environment and will lead to a redesign of the actual packages to 
ensure that they remain intact in future tests. 

8.10 The problem of gauge location remains difficult. In total five gauges were 
unaccounted for during this test, the roof mounted internal blast gauge and the 
four external mounted accelerometers. It is considered that these along with 
most of the unrecovered cylinders which were also placed on the roof are most 
probably buried in the debris which was in and around the crater. 

9. DETERMINATION OF LAUNCH ANGLES AND VELOCITIES OF DONOR BUILDING DEBRIS 

9.1 As advised ih Ref 10 some 24 steel cylinders, each 6ins diameter by 6ins in 
length, were filled with concrete and made identifiable by painting with 
Scotchlight and embossing a reference number on the outer surface. Eleven were 
placed on top of the roof cover of the donor igloo, and the remaining thirteen 
of the side and rear earth cover. 

9.2 At the date of writing (June 90) only seven of the twenty four cylinders had 
been recovered, despite a relatively intensive search of the area within 1000 
metres of ground zero. As the cylinders found were at ranges between 580 and 
1000 metres and appeared to form a reasonably distinct pgttern of distribution 
the search was intensified in the areas where the remaining cylinders could be 
expected to have landed. However no more cylinders were recovered. 

10. CONCLUSIONS 

10.1 Undoubtedlythe test was an unqualified success. It achieved virtually all 
the original aims of the trial with the exception of the measurement of the cover 
debris velocities by means of externally mounted accelerometers. As these were 
never recovered obviously no results were obtained (para 8.10) 

10.2 Also only a limited amount of information was obtained fromthe internally 
mounted blast gauges. However these were still adjudged to have been successful 
in that some measurements were obtained but more importantly the gauges can be 
redesigned to cope better with similar conditions in the future. (paras 8.7-8.8) 

10.3 The measurement of the far field pressures was very successful and has 
confirmed that the UK double bay box igloo provides a similar level of 
attenuation for the blast originating from a 75,000 kg NEQ charge as that already 
invoked by AC 258 for standard igloos with less than 45,000 kg NEQ. Further that 
such attenuations can be extended to include reductions in the quantity-distances 
for process building distances and public traffic route distances as well as IBD. 
(para 8.3-8.5) 

10.4 However further testing should be carried out at model scales to provide 
better staistical information on which to assess the results, particularly those 
obtained at Inhabited Building Distance. (para 8.6) 

10.5 The results of the extensive debris search, collection and analysis has 
demonstrated that the debris hazard from a UK double-bay box igloo reaches 
tolerable levels (defined as 1 potentially lethal fragment per 56 m ) well inside 
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t h e  I B D s  which would be proposed as a r e s u l t  of t h e  p re s su re  measurements given 
i n  SectLon 8. The equ iva len t  preallure and debris I B D s  are given i n  t h e  table 
below f o r  ease of comparison: 

Or i en ta t ion  Presaure  IBD 
Ul ~ 1 f i  Factor  

D e b r i s  I B D  

Front  980 22.2 850 (para 6.12) 

8 ide 750 18 450 (paras 6.15, 6.24) 

R e a r  590 14 510 (para 6.20) 

10.6 The crater generated as a r e s u l t  of t h e  explosion w a s  s i g n i f i c a n t l y  
shal lower than  expected and o v e r a l l  gene ra l ly  Pntlaller i n  dimensions than  t h e  
t h e o r e t i c a l l y  c a l c u l a t e d  a ize .  Thie was considered t o  be not  unusual because of 
t h e  very large amounts of  concre te  in t h e  f l o o r  and foundat ions of t h e  donor 
igloo. (paras 7.4-7.5) 

21. RS- 
11.1 The q u a n t i t y  d i s t a n c e s  c u r r e n t l y  used by UK t o  t h e  s ide and rear of t h e  UR 
s tandard  box igloo ahould be reduced as follow8 f o r  UK s tandard  Fglooe which 
con ta in  up t o  75,000 kg NEQ : 

O r  f e n t  a t  ion  Q-D Purparre Current  Proposed 

6 i d e  Process  Bui lding 8. 0Qln 6 . 5 ~ ” ~  

Side Publ ic  T r a f f i c  Route 14. 7QIn 1 1 . 9 ~ ~ ‘ ~  

S ide Inhabi ted  Building 22. 2QlD 1 8 . 0 ~ ~ ~ ~  

R e a r  Process Building 8. 0Qln 5. o8lI3 

R e a r  Publ ic  T r a f f i c  Route 14. 7QlD 9. 3Q1I3 

R e a r  Inhabited Building 22. 2QlD 14.0~113 

Front  Process  Bui lding 8. 0Qln 8.0~113 

Front  Publ ic  T r a f f i c  Route 14.7Q’” 14. 7Qln 

Front Inhabi ted  Building 22. 2Qqn 22.2Q’* 

N o t e  t h a t  as a t  present a l l  i g l o o  Q-Ds are s u b j e c t  t o  a minimum 400m d i s t a n c e  f o r  
d e b r i s  throw, unleser t e s t a  have demonstrated t h a t  a lesser d i s t a n c e  may be used 
f o r  such purposes. 

11.2 It is recommended t h a t  f u r t h e r  m o d e l  t e s t i n g  should be carried ou t  t o  
a e c e r t a f n  t h a t  t h e  p re s su re  l e v e l s  meaeured i n  t h e  test are correct p a r t i c u l a r l y  
i n  view of t h e  c o n f l i c t  of t h e  p re s su res  measured a t  t h e  Inhabi ted  Building 
Distances on a l l  t h r e e  o r i e n t a t i o n s .  

rl 
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ANNEX A : NATO STANDARD DOUBLE BAY IGLOO 
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ANNEX B : SPANTECH STRUCTURE 
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ANNEX C s SCHEMATIC GXUGE LAYOUT FOR FAR FIELD 
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ANNEX D : SCHEMATIC GAUGE LAYOUT ON RECEPTOR STRUCTURES 
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ANNEX E : DEBRIS SEARCH PATT$RN 
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